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Introduction

Long-lived charged massive particle (CHAMP)

I Predicted in many models of beyond SM

¥ Various hunting
(collider experiments, neutrino telescope, etc.)

¢ Cosmological constraints on its property
(Big-Bang Nucleosynthesis(BBN), large scale structure, etc.)

One of the interesting objects for particle physics,
astrophysics, and nuclear physics



Introduction

Candidate of long-lived CHAMP: NLSP stau in SUSY models
NLSP: Next Lightest SUSY particle

Scenarios predicting long-lived stau

B neutralino LSP scenario (phase space suppression)

[ S. Profumo, K. Sigurdson, P. Ullio and M. Kamionkowski, PRD71 ]
[ T. Jittoh, J. Sato, T. Shimomura and MY, PRD73 ]

B gravitino LSP scenario (Planck suppressed coupling)

[ W. Buchmuller, K. Hamaguchi, M. Ratz and T. Yanagida, PLB588 ]
[ J. L. Feng, S. Su and F. Takayama, PRD70 ]

B elc.
LSP: Lightest SUSY particle



N
Introduction

Modifications to light elements abundances in the BBN

I Destruction of nuclei by its decay products

p Catalyzed fusion by forming bound state with nuclei

FE efc.

(1) To identify what exotic reactions are induced by
each type of long-lived stau

(2) To understand what light elements are over-produced
or over-destructed by each type of reactions




Topics in this talk

B Proposing a new process (4He spallation process)

e Search for cosmologically favored parameter space
In the MSSM including the new process

(1) To identify what exotic reactions are induced by
each type of long-lived stau

(2) To understand what light elements are over-produced
or over-destructed by each type of reactions




2. Exotic nuclear reactions with long-lived stau

2.1 Catalyzed fusion
2.2 4He spallation process

3. Cosmologically favored parameter space in MSSM

4. Summary



Exotic nuclear reactions
with long-lived stau



Standard BBN reaction

(0 U)cata,lyzed il o Standard: forbidden E1 transition

<(7 U)Standard . Catalyzed: ¢ transfer reaction
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Reaction rate F((?4He) — )2(1)1/7‘511) — W‘Q - OVinp




Reaction rate F((?4He) — )'Z&)VTtn) OVin

Overlap of initial state wave functions



(2) 4He spallation process

Approximation

Localization of 7 at center position in (7 “He) { MHe < M5z J

> Overlap = 4He wave function at the center position




(2) 4He spallation process

Approximation

Localization of 7 at center position in (7 “He) [ MHe < M5z J

> Overlap = 4He wave function at the center position

Wave function of 4He

(ZamHe)3/2

He
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Reaction rate F((?4He) — )ngTtn) = |¢|2

Cross section of elemental reaction



(2) 4He spallation process

Cross section of elemental reaction

: f dp, d’py  dq, dq,
2E: | (27)32E, (2m)%2E; (27)? (21)?

. . 2
X ’M((T4He) — X?mtn” (2%)45(4)(395; + PHe — Pv — Gt — Gn)

OUtn =

Amplitude
M((7*He) — Xjvrtn)
= (tn X} V7| Lint| " He )
— (tnl.J#[*He) (0 vr |l
e

Leptonic part; calculated straightforwardly
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spin, isospin part *He) = —= [|pnpn) ([1144) + [L411) = [1441) = [J111)

1
(@nti-symmetric) 4 .+ [anpp) (=Tt + ) + [T — [14)]

| GBe 3/4
Spatlal part wHe(Tla ?"2,7‘3,?"4) = (2 ﬂI__‘Ig, )

(symmetric)

1
X exp{—aHe ['r% +7r3+ 7+ Ty — Z(T’l + T2+ T3+ 7'4)2] }
\

9 1 I 1 :
= F) ay = 5 (B)? (R : matter radius)

AHe



Calculation of hadronic matrix element (tn|J*|*He)

F Explicit form of the hadronic current

In non-relativistic limit J,=V,+gal, — Vo, gadi)
- R

V" : Time component in vector current

A" : Spatial components in axial vector current

ga : axial vector coupling

J

4 4
Taking oper m of 1,0 _ — ol Ty L _ — 41 0l Ta
ing operators as a sum of y, _Z,Taelqr , A”‘_Zfraa;elq""
a single-nucleon operators 1

4 D
Ta . 1SOSpIn ladder operator of a-th nucleon

a=1

0, spin operator of a-th nucleon

J



Cross section of elemental reaction

8 (327
TV = (37?) g* tan? Oy sin? 0, (1 + 395 )G%

3/2 3
A4 MMMy OHe at

" mzm2 (ape + at)®

Itn

Agn =mz —mg + Age — Aty — Ap — Ey

AHe = MHe — 4A7
At = My — 3A,
A, =my — A

Itn dlmenS|onIessmtegraI
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mz —my (GeV) A : Unified atomic mass unit




Evolution of stau-4He bound state

I Catalyzed fusion > 61j over-production
I Spallation process > dandt over-production

I Standard particle decay T”—> Free from BBN constraint




Mstau = 350GeV
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Time scale of each process




More stringent constraint due Msiau = 350GeV
to d and t over-production B
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Cosmologically Favored
parameter space in MSSM



Requirement in light of BBEN

® Evading overproduction of d and t (4He spallation process)

» Evading overproduction of 6Li (catalyzed fusion)

E Solving the 7Li problem (internal conversion)

’Li problem




Requirement in light of BBN

e Evading overproduction of d and t (4He spallation process)

» Evading overproduction of 6Li (catalyzed fusion)

E Solving the 7Li problem (internal conversion)

TN

Requirement in light of dark matter

E Reproducing observed relic abundance of neutralino




*He/ D excluded

oLi/Li excluded
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Prediction to observable from the physics of BBN and dark matter

—

Complementary information for the test of MSSM
In terrestrial experiments

z " SEE

4 & & % 5 =

S 50} EEER

dark matter abundance @ 3 B EER

S 400 i 111 3

Red cross points: £ 50| .
Consistent with observec

0.4 0.3 0.6 0.7 0.8 0.9 1.0
Left-Right mixing of stau, sin0;




ummary



Summary

I Itis important for comprehension of the property of long-lived
charged massive particle

=> To identify what exotic reactions are induced
== To understand what nuclei are over-produced(-destructed)

F We investigated an impact of exotic reactions induced by
long-lived stau, I.e.,

- Catalyzed fusion process

- Internal conversion process

- 4He spallation process (new proposal)
on light elements abundances

F MSSM parameter is precisely predicted from the physics of BBN
and dark matter, and it is useful information to test the model
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Baryon density Qph?
0.01 0.02 0.03
T I T

Theoretical prediction (4.15" g7z )X 10 10
A. Coc, et al., astrophys. J. 600 (2004)

1074 L

7

Discrepancy between them

Li problem

Observation (1.26 F933)Xx 1010

P. Bonifacio, et al., Astronomy and Astrophysics, 462 (2007)

1 2 3 4 5 6 7 8 910
Baryon-to-photon ratio 1 X 10710

Solving the problem <::> Reducing ’Li and ’Be abundances
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(2) Internal conversion

[ T. Jittoh, K. Kohri, M. Koike, J. Sato, T. Shimomura and MY, PRD76 (2007) ]
[ C. Bird, K. Koopmans and M. Pospelov, PRD78 (2008) ]

Bound state formation with 7Li and/or ’Be / TN
~— | TT (7 =TT (7 1. %
7~ + "Li("Be) — (7~ "Li("Be)) e X1

Vr
> Internal conversion _
Cidiop
(77Li) = x} + vr + "He
(7~ "Be) = %% + v, + "Li "Li("Be) "He("Li)

Timescale of internal conversion

<< 1 Overlap of initial state

Timescale of BBN era (~ 1sec) ; Xi"if;’;ﬁgﬁﬁpwre)



mmﬂLHnCBBNJmmI

total 'Li in SBBN \
N\
—_ 3 \\ e
P Be
— 7 _
2 ‘i ('BeX )
E 7
: -
= Li
L
g 14 : 0
g 3 Coupling suppression
ﬁ - scenario

Constraint on the property of long-lived
stau by evading over-destruction of 7Li

Reducing ’Li abundance compared

- Solving the’Li problem

1
E'E 5] total 'Li in SBBN
3 ,% with standard BBN
« - total 'Li in CBBN, type II
E 'Bé
£ 13
§ _55 \ 7Ll
S ] Phase space
: - -
§ - suppression scenario
.1 | T
A 2 4
\ £

(In phase space suppression scenario)

[ C. Bird, K. Koopmans and M. Pospelov, PRD78 (2008) ]



(3) 4He spallation process

Calculation result of (tn|J"|*He)

(tn|VO|*He) = V2 My, N
V0 : Time component in vector current
314 _ :
(tn|gaA”°|*He) = _\/ﬁgAMtna A" : Spatial components in axial vector current
(tn gAAi|4He) _ :i:\/igAMt ga : axial vector coupling )

128 a2\ 2 2 )
M, = ( i AR 4) {eXp I:_ qi ] — exp [_ q, . (Qt + QH) ] }
3 (aHe + a.t) 3aAHe 30He G(Q'HO + at)




mstau = 350GeV |

catalyzed fusion (T=30KeV) -

Time scale (s)
Li6 over-produ¢tion

nucleus Ry, [fm]/[GeV ] Ax [GeV]

d 1.966 / 9.962 1.314 x10~2
t 1.928 / 9.770 1.495 x10~2
‘He 1.49 / 7.55 2.425 x1073
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